Type II DNA topoisomerases catalyse changes in DNA topology in reactions coupled to the hydrolysis of ATP. In the case of DNA gyrase, which can introduce supercoils into DNA, the requirement for free energy is clear. However, the non-supercoiling type II enzymes carry out reactions that are apparently energetically favourable, so their requirement for ATP hydrolysis is not so obvious. It has been shown that many of these enzymes (the type IIA family) can simplify the topology of their DNA substrates to a level beyond that expected at equilibrium. Although this seems to explain their usage of ATP, we show that the free energies involved in topology simplification are very small (<0.2% of that available from ATP) and we argue that topology simplification may simply be an evolutionary relic.
Abstract
Type II DNA topoisomerases catalyse changes in DNA topology in reactions coupled to the hydrolysis of ATP.
In the case of DNA gyrase, which can introduce supercoils into DNA, the requirement for free energy is clear. However, the non-supercoiling type II enzymes carry out reactions that are apparently energetically favourable, so their requirement for ATP hydrolysis is not so obvious. It has been shown that many of these enzymes (the type IIA family) can simplify the topology of their DNA substrates to a level beyond that expected at equilibrium. Although this seems to explain their usage of ATP, we show that the free energies involved in topology simplification are very small (<0.2% of that available from ATP) and we argue that topology simplification may simply be an evolutionary relic.
DNA topology and DNA topoisomerases
One of the consequences of the double-helix structure of DNA is that the two strands are intertwined and must be separated for the code to be 'read' during transcription and replication. Since DNA molecules are either closedcircular or periodically tethered, e.g. by attachment to proteins, strand separation leads to overwinding, or positive supercoiling, of the DNA. Supercoiling is a common topological feature of DNA, along with knotting and catenation (the interlinking of two or more DNA circles) [1] . Supercoils, knots and catenanes occur naturally as a consequence of various biological processes. For example, DNA replication can lead to positive supercoiling, and fully replicated daughter chromosomes are normally catenated. Recombination reactions can also lead to knots and catenanes. Although most cells maintain DNA in a negatively supercoiled state {underwound, corresponding to a reduction in the linking number (Lk) of a closed-circular DNA from that of the unsupercoiled (relaxed) circle [1] }, the other topological forms, positive supercoiling, knots and catenanes, are undesirable. DNA topoisomerases are the group of enzymes that have evolved to resolve these topological problems, through mechanisms involving transient breakage and rejoining of the DNA [2, 3] . Topoisomerase reactions are of two types: type I enzyme reactions involve single-stranded breaks in DNA, whereas the reactions of type II enzymes proceed through doublestranded breaks. In all cases, transient phosphodiester intermediates are formed between active-site tyrosine residues on the enzyme and the DNA backbone. Type II enzymes are dimeric and form a 5 -phosphodiester bond with each DNA strand, creating a double-stranded break in a section of DNA known as the 'G' (or 'gate') segment, through which a second double-stranded segment, the 'T' (or 'transported') segment, is passed. Intramolecular strand passage results in a change of supercoiling, specifically a change of ±2 in the Lk of a DNA topoisomer (a closed-circular molecule of a given linking number), whereas intermolecular reactions lead to catenation or decatenation. Type II enzymes are classified into two subtypes, IIA and IIB, on the basis of structural and evolutionary considerations [4] . A general mechanism for type IIA DNA topoisomerases is shown in Figure 1 .
Topology simplification by type II topoisomerases
All type II enzymes require ATP to carry out their topoisomerase reactions. In the case of DNA gyrase, the archetypal bacterial type II enzyme that introduces negative supercoils, the requirement for ATP is clear: supercoiling is an endergonic reaction and there is an approximate equivalence between the free energy of ATP hydrolysis and the extent of supercoiling that can be catalysed by gyrase (reviewed in [5] ). However, all other type II enzymes also hydrolyse ATP, even though they perform reactions that are not obviously energy-requiring, e.g. DNA relaxation, decatenation. This remained something of a puzzle until 1997, when Rybenkov et al. [6] showed that these enzymes could actively simplify the topology of DNA, producing steady-state levels of supercoiling, knotting and catenation that are lower than those expected at equilibrium under the same conditions. For example, bacterial topo (topoisomerase) IV, a close homologue of gyrase, can produce a narrower distribution of relaxed topoisomers than topo I (an ATP-independent enzyme) ( Figure 2) . This is only possible with an input of energy, hence the requirement for ATP. 
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The topology-simplification phenomenon has been shown to occur for all type IIA topoisomerases tested [6, 7] , but a type IIB enzyme, topo VI from Methanosarcina mazei, was found not to exhibit the effect [7, 8] . This suggests that the ability to perform topology simplification may be due to a structural difference between type IIA and B enzymes.
One possibility is that topology simplification is dependent on the C-terminal domains of type IIA topoisomerases (not present in type IIBs), which have been implicated in substrate selection [9, 10] ; for example, the C-terminal domain of the ParC subunit of topo IV has been shown to be responsible for the enzyme's preference for relaxing positive over negative supercoils [9] . However, deletion of this domain from a number of type IIA topoisomerases did not influence topology simplification [7] , and the type IIA enzyme from Paramecium bursaria Chlorella virus 1, which naturally lacks the C-terminal domain, also carries out topology simplification.
Given that topology simplification requires an input of energy, we would expect that varying the free energy of ATP hydrolysis would alter the extent of the effect. However, using a range of ATP concentrations and ADP/ATP ratios up to 10:1, no change in the topology-simplification effect was seen [7] . This result contrasts with experiments carried out with the gyrase supercoiling reaction, which showed that the level of supercoiled product was dependent on the ADP/ATP ratio [11] . The most likely interpretation is that we could not reduce the free energy of hydrolysis sufficiently to influence the reaction (see below).
One model that has been suggested for topology simplification by type IIA topoisomerases is that ATP hydrolysis might drive the enzyme along a loop of DNA, trapping a putative T segment in a smaller and smaller loop, facilitating its transport [6] . This is perhaps inherently unlikely, as it contradicts our knowledge of the role of ATP in dimerizing the N-terminal domains of the enzyme (Figure 1) . However, we have tested this model in an experiment in which the putative tracking of topo IV is prevented by 'roadblocks' consisting of inactive mutant EcoRI enzymes. Topology simplification is unaffected, suggesting that tracking does not play a role [7] .
We also examined the dependence of topology simplification on DNA circle size by measuring the effect with topo IV and DNA circles from ∼2-9 kb [7] . Certain models of the mechanism of topology simplification would suggest that the effect would be enhanced with small circles (see below).
However, we found little or no dependence of topology simplification on circle size in this range.
Energetics of topology simplification
Although it is clear that the topology-simplification effect must require an input of free energy, since the DNA topoisomer concentrations are being perturbed to a steady state away from equilibrium, it is important to determine the amount of energy required. We have calculated the free energy involved in the effect, using a simulation of the topoisomer concentrations both at equilibrium and under the steadystate conditions of the topology-simplification reaction. This is equivalent to a calculation using experimental data, but allows us to investigate the effect of circle size and other parameters very easily [7] .
Investigations over many years ([12] ; reviewed in [1] ) have shown that relaxed mixtures of topoisomers formed by the action of non-ATP-dependent topoisomerases, such as eukaryotic topo I, have the form of a Gaussian or normal distribution, indicating that the free energy of supercoiled topoisomers ( G sc ) has a quadratic dependence on the level of supercoiling (measured as Lk, the change in Lk from the completely relaxed situation). This reflects the fact that supercoiling is an elastic process. In other words:
where K is an elastic constant. For plasmid DNA circles above approx. 3000 bp (those normally used as substrates in topoisomerase reactions), the value of K is inversely proportional to circle size, N (it is harder to introduce a supercoil into a smaller circle). So, the value of NK is a constant for given solution conditions. Under standard in vitro conditions [12, 13] :
where N is the circle size in bp, R is the gas constant, and T is the absolute temperature.
We can now calculate the distribution of topoisomers. The relative concentration of a topoisomer, i, in an equilibrium Gaussian distribution, [i] rel eq , is given by:
from the equation for a normal distribution with variance T/2K [1] . A is a constant corresponding to the peak height (concentration) of the distribution. We can convert this into a mole fraction of topoisomer i, P i , by dividing by the total topoisomer concentration:
The topology-simplification reaction of type II topoisomerases results in a steady-state distribution of topoisomers that is narrower, but still well described by a Gaussian with a reduced variance. The magnitude of the effect can be measured by the ratio of the equilibrium to the steady-state variance; this value has been labelled R [6] (here called R to distinguish it from the gas constant). So, we can model the narrower steady-state (ss) distribution in the same way, but including the R factor:
[i] rel ss = Ae
R is approx. 1.8 in our experiments with a range of type IIA topoisomerases [7] . We can now plot a simulated pair of distributions, one equilibrated by a topo I, and one in steady state, as produced by a type II topoisomerase such as topo IV in the presence of ATP (Figure 2) .
To calculate the free energy difference between these two distributions, we need to sum the changes due to the change in concentration of each topoisomer (some of which increase in concentration while some decrease; Figure 2 ). For any of the topoisomers, the free energy, G i is:
where G
• i is the standard free energy of the topoisomer under the relevant conditions. This is the same for both distributions, of course, so the molar free energy change for a given topoisomer is:
This value depends only on the ratio of the concentrations (or mole fractions). These are molar free energy changes for each topoisomer, so we need to multiply by the mole fraction of each topoisomer (P i ss ), and sum over all the different topoisomers (in practice, only those with a significant mole fraction matter) to give the overall free energy change for the topology simplification reaction:
When we do this calculation based on the simulated distributions in Figure 2 , we find the free energy change has a surprisingly small value of 0.19 kJ · mol −1 , and this value is independent of circle size above 3000 bp. This compares with the free energy available from the hydrolysis of two molecules of ATP of 100-150 kJ · mol −1 (depending on the concentrations of the nucleotides; see above), meaning that the reaction is extremely inefficient in energetic terms; only approx. 0.2% of the free energy available is transduced into the product DNA. In contrast, DNA gyrase can produce a supercoiled distribution of topoisomers with a free energy of supercoiling of >500 kJ · mol −1 [7] ; this is greater than the free energy available from ATP in one step, and represents multiple rounds of reaction by gyrase. Similarly, the steadystate distributions of the other type II enzymes presumably represent the result of multiple rounds of reaction. We analysed data for the unknotting and decatenation activities of topo IV [6] in the same way [7] , and the excess free energy of the steady-state distributions formed by topo IV is even smaller, <0.1 kJ · mol −1 for unknotting, and approx. 0.01 kJ · mol −1 for decatenation. 
Conclusions
We believe that the available data concerning topology simplification are most consistent with a model in which the bending of the DNA G segment by the enzyme directs the enzyme towards the 'inside' of the contour of a supercoiled or catenated DNA circle ( Figure 3A) . The directional strand-passage reaction would then lead to preferential transport from inside to outside [14] . This selectivity would drive the reduction of supercoiling or catenation. X-ray structures of complexes of parts of both yeast topo II and Streptococcus pneumoniae topo IV with DNA G segments have revealed strong bending of the G segment consistent with this model [15, 16] . It is not yet clear whether G-segment bending is a feature of the type IIB enzymes [8] . A related model envisages that the enzymes bind preferentially to 'hooked juxtapositions' of DNA strands ( Figure 3B ), which simulations suggest are over-represented in knotted and catenated DNA [17] [18] [19] ; this model would presumably require geometrical selection of the T segment as well as the G segment. These geometric models involving DNA bending would suggest that small circles might show an increased topology simplification effect. However, experiments in which circles in the size range ∼2-9 kb were relaxed with topo IV showed little or no variation in the effect [7] . It is possible, however, that an enhancement of the effect might only be apparent for circles <2 kb, and we have shown that measurements of relaxation in that range are intrinsically problematic [7] . There is no doubt that topology simplification is a measurable consequence of the action of type IIA topoisomerases; however, the extremely small free energy changes induced in the DNA by the enzymes, relative to the energy released by the hydrolysis of ATP, cast some circumstantial doubt on the physiological relevance of the effect. Indeed, if we consider that post-replication decatenation is probably the primary physiological function of non-supercoiling type II enzymes [20] , it is not clear that active decatenation will be required. As chromosome partition pulls apart the catenated daughter molecules, the equilibrium will in any case be perturbed in the direction of decatenation [21] . Instead, we propose that topology simplification is a non-adaptive evolutionary relic, possibly a consequence of the bending of the G segment by the type IIA enzymes, which might have evolved from the requirement for DNA wrapping in the case of DNA gyrase. There is evidence that bacterial topo IVs evolved from gyrase, although the situation for eukaryotic topo IIAs is less clear [9, 22] . It may be that the role of ATP hydrolysis in the mechanism of type II topoisomerases lies elsewhere.
